The phase equilibria of the Ni-Ti-Zr ternary system at 1000 and 1200°C have been experimentally investigated by back-scattered electron, electron probe microanalyzer and x-ray diffraction. In the present study, the established isothermal sections were characterized by a series of binary phases, ternary compounds and solid solutions. The results show that nine threephase regions and one liquid region at 1000°C, whereas, four three-phase regions and one liquid region at 1200°C were experimentally confirmed.
Introduction
The Ni-Ti alloys are widely used as corrosion-resisting and high-temperature materials. As shape memory alloys (SMAs), Ni-Ti alloys are the most feasible from the view point of the best combination of material properties, e.g. the maximum recoverable strain, excellent corrosion resistance and the best biocompatibility. [1] These materials have been widely used in robotic, automotive, aerospace, etc., industries. However, due to the fact that the shape memory effect (SME) of unalloyed TiNi occurs in narrow temperature range from 40 to 60°C, some applications of these alloys have been greatly limited. [2] Therefore, control of transformation temperatures of NiTi-based shape memory alloys is an important research subject to enhance the reliability and applicability of these functional materials. [3] [4] [5] [6] [7] For this reason, materials scientists have managed to develop NiTibased alloys with higher martensitic transformation temperature. [8] Furthermore, experiments have shown that with a small addion of Zr, the martensitic transformation temperature decreases. However, when the concentration of the alloying element Zr exceeds 10 at.%, the martensitic transformation temperature increases to as high as 170°C for 20.2 at.% Zr. [9] [10] [11] However, similar to all other HTSMAs, the Ni-Ti-Zr alloys suffer from poor mechanical properties, which makes the practical application of these alloys difficult. [12] When dealing with the Ni-Ti-Zr alloys as potential structural or functional materials, its accurate phase equilibrium information is especially required in order to design and optimize alloy composition. In previous investigations, Eremenko studied the part of the isothermal section of the Ni-Ti-Zr system at 700°C. [13] Gupta pulished a review paper for this system. [14] The isothermal section at 800°C had been constructed by Yeh. [15] However, there is still lack of the isothermal section data at high temperature. In the present work, the phase equilibria of the Ni-Ti-Zr system at 1000 and 1200°C were experimentally determined using a combined method of electron probe microanalyzer (EPMA), x-ray diffraction (XRD) and differential scanning calorimetry (DSC). The obtained results are expected to get a better understanding of microstructures in the Ni-Ti-Zr alloys.
In this study, three binary systems Ni-Zr, Ni-Ti and Ti-Zr were adopted and shown in Fig. 1 . The Ni-Zr binary system is based primarily on the work of Okamoto [16] [18] , with a solidus and liquidus minimum of 1540°C with $40 at.% Zr and solid transformation minimum of 605°C with $52 at.% Zr. The stable solid phases and their crystal structures in the three binary systems in Ni-Ti-Zr ternary system are listed in Table 1 .
Experimental Procedure
The alloys were produced using pure metals of nickel (99.8 wt.%), titanium (99.9 wt.%) and zirconium (99.9 wt.%) as the raw materials. Bulk alloy buttons were prepared from pure elements by arc melting under a high purity argon atmosphere using a non-consumable tungsten electrode. The buttons were turned over and remelted no less than four times to achieve homogeneity.
Afterwards, each ingot was cut into small pieces by wirecutting machine for heat treatment and further observations. [16] [17] [18] 
All samples were sealed in quartz capsules that are evacuated and backfilled with argon gas. The specimens were annealed at 1000 and 1200°C, respectively. On the basis of the temperature and composition of the specimen, time of the heat treatment varied from several hours to several days. At the end of the heat treatment, the specimens were quenched into ice water.
Compositions of the phases were determined using EPMA (JXA-8100, JEOL, Japan). Pure elements were used as standards and the measurements were carried out at a voltage of 20 kV and a current of 20 nA. Microprobe measurements for each equilibrium phase were taken on seven points to get high accuracy. The constituent phases of the alloys were further determined by analyzing XRD patterns generated by a Philips PANalytical X-pert diffractometer, operating at 40.0 kV and 30 mA with Cu Ka radiation. The data were collected in the range of 2h from 20°to 90°at a step size of 0.0167°. The phase transformation temperature was determined using DSC (DSC-404C, NETZSCH, Germany) test. And the measurements were conducted using small pieces of specimens ranging from 18 to 44 mg with a heating and cooling rate of 20°C/min in a flowing argon atmosphere with sintered Al 2 O 3 as reference.
Results and Discussion

Microstructure
Back-scattered electron (BSE) images of typical ternary Ni-Ti-Zr alloys are shown in Fig. 2(a-f) . Phase identification is based on the equilibrium composition measured by EPMA and crystal structure determined by XRD analysis. In this study, liquid phase is denoted as L.
The BSE micrograph of the Ni 10 Ti 88 Zr 2 (at.%) alloy annealed at 1000°C for 12 h is showed in Fig. 2(a) , where two different phases are distinguished. The result of EPMA suggests that the grey phase is b(Ti, Zr) and the white one is liquid. In addition, the microstructure of Ni 73 Ti 9 Zr 18 (at.%) alloy annealed at 1000°C for 188 h is shown in Fig. 2(b) , where there exists a two-phase equilibrium (TiNi 3 + Ni 21 Zr 8 ). For the Ni 46 Ti 12 Zr 42 (at.%) alloy quenched from 1000°C, three-phase microstructure is observed, as showed in Fig. 2(c) . EPMA result indicates that the grey phase is TiNi, the white one is NiZr, while the other one is liquid. Figure 2( Fig. 2(e) , showing coexistence of two phases consisted of (Ni) + liquid. Three-phase microstructure of the TiNi 3 + Ni 5 Zr + Ni 7 Zr 2 of the Ni 80 Ti 4 Zr 16 (at.%) alloy annealed at 1200°C for 188 h is shown in Fig. 2(f) . Figure 3(a) shows the XRD result of Ni 91 Ti 3 Zr 6 alloy annealed at 1000°C for 188 h, a two-phase microstructure of ((Ni) + Ni 5 Zr) is substantiated. The XRD result of Ni 80 Ti 4 Zr 16 alloy annealed at 1000°C for 188 h is provided in Fig. 3(b) , in which the characteristic peaks of the TiNi 3 , Ni 5 Zr and Ni 7 Zr 2 phases are observed. These results are consistent with their BSE images.
Isothermal Sections
The equilibrium compositions of the Ni-Ti-Zr ternary system at 1000 and 1200°C determined by EPMA are summarized in Tables 2 and 3 . Based on the experimental data mentioned above, two isothermal sections at 1000 and 1200°C have been constructed as presented in Fig. 4(a) and (b), respectively. Undetermined three-phase equilibria in Fig. 4(a-b) are labeled in the dashed lines. The phase transformations are examined by the method of DSC and the results are shown in Fig. 5 .
From Fig. 4(a) , it can be seen that nine three-phase regions and one liquid region at 1000°C were experimentally confirmed. According to this study, the liquid region at 1000°C are similar to liquidus surface containing up to 50% Ni reported from Eremenko.
[19] Figure 5 shows Fig. 5 , endothermic peaks appearing at 847 and 826°C respectively identified to be associated with the transition of the ternary phase Ni(Ti,Zr) 2 M liquid + Ni(Ti,Zr) 2 , the inconspicuous transition which correspond to Ni(Ti,Zr) 2 M liquid, is measured to start at 888 and 887°C respectively during the heating process. From Fig. 5 , it is clear that three transformation peaks appear at 795, 826 and 864°C in the heating curve of (c) Ni 30 Ti 20 Zr 50 (at.%) alloy. The three peaks correspond to the follow transitions, respectively, Ni(Ti,Zr) 2 + NiZr M liquid + Ni(Ti,Zr) 2 + NiZr, liquid + Ni(Ti,Zr) 2 + NiZr M liquid + NiZr and liquid + NiZr M liquid. Therefore, the liquid region <50 at.% Ni is given in [ [19] [20] [21] In the isothermal section at 1200°C (Fig. 4b) , one liquid region and four three-phase regions were experimentally determined in this work. It should be noted that the area of liquid increases with the increase of the temperature from 1000 to 1200°C. The result shows that the liquid region at 1200°C is in accordance with the previous investigations reported from Eremenko. [19] [20] [21] Results further show the solubility of Zr in the NiTi phase is found to be about 35 at.%, which reduces to about 10 at.% as temperature range from 1000 to 1200°C. According to the previous investigations [14] , Zr content increases from $5 to $43 at.% in the NiTi phase as temperature range from 700 to 1160°C. However, Zr content reduces to 0 at.% until NiTi phase transforms to liquid when the temperature increases to 1310°C. The solubility of Ni in the b(Ti, Zr) phase is about 0.2-9.9 at.% through the determined isothermal section. In addition, the solubility of Ti in NiZr 2 phase is extremely low, the solubility of Ti in the NiZr phase is measured to be approximately 3.0 at.%, reduced to about 1.0 at.% when the temperature change to 1200°C and the solubility of Ti in the Ni 7 Zr 2 phase is measured to be about 2.2 at.%, which stays almost the same at 1200°C.
Conclusions
Two isothermal sections of the Ni-Ti-Zr ternary system at 1000 and 1200°C were experimentally determined. The area of liquid increases with the increase of the temperature from 1000 to 1200°C. The phase equilibrium of the Ni-TiZr ternary system determined by the present work will provide additional support for the thermodynamic assessment of this system and practical application for the Ni-Ti alloys.
